An electron Talbot interferometer 
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The Talbot effect 1], in which a wave imprinted with transverse periodicity reconstructs itself at 
regular intervals, is a diffraction phenomenon that occurs in many physical systems. Here we present 
the first observation of the Talbot effect for electron de Broglie waves behind a nanofabricated 
transmission grating. This was thought to be difficult because of Coulomb interactions between 
electrons and nanostructure gratings, yet we were able to map out the entire near-field interference 
pattern, the "Talbot carpet" , behind a grating. We did this using a Talbot interferometer, in which 
Talbot interference fringes from one grating are moire-filtered by a 2nd grating. This arrangement 
has served for optical [2], X-ray [3], and atom interferometry [4], but never before for electrons. 
Talbot interferometers are particularly sensitive to distortions of the incident wavefronts, and to 
illustrate this we used our Talbot interferometer to measure the wavefront curvature of a weakly 
focused electron beam. Here we report how this wavefront curvature demagnified the Talbot revivals, 
and we discuss applications for electron Talbot interferometers. 



Electron optics is a highly developed field, but Tal- 
bot interferometry with electrons is new. In transmission 
electron microscopy Talbot revivals (Fourier self-images) 
behind crystals have been imaged directly, and under- 
standing these revivals is necessary for the correct in- 
terpretation of crystal strucuture [5[. However, direct 
images of Talbot revivals are not nearly as sensitive to 
wavefront distortions as the signal from a Talbot interfer- 
ometer. As we discuss, our arrangement of two nanograt- 
ings can easily detect a beam convergence of 10~^ radi- 
ans. Nanogratings have been used recently to construct 
other types of electron interferometers - a Lau type Q 
and a Mach-Zehnder type [7] - but both of these designs 
are insensitive to wavefront deformations in the incident 
electron beam. 

Observations of the Talbot effect with atoms 0, Q 
launched many applications for near-field atom optics, 
such as compound beam splitters for atomic de Broglie 
waves [il, [lo| , Talbot-Lau interferometers for atoms and 
large molecules [III, fl2 l . interferometry with the Poisson 
spot for atom waves [Ij], and "direct deposit" lithog- 
raphy of atoms behind phase and absorption gratings 
\\A . [l5l |. Talbot interferometers have found numerous 
applications in light optics too, such as imaging phase 
objects [l6|, measuring beam collimation [17], and char- 
acterizing lenses For a review see [2]. Recently, 
nanostructures have been used to build X-ray Talbot in- 
terferometers [sl, dll , which provide images of phase ob- 
jects with less X-ray dose delivered to the subject. Imag- 
ing phase objects is possible because the Talbot interfer- 
ometer is a type of shearing interferometer [2^, ^21*], in 
which a beam is split into multiple overlapping paths. 
These applications, which which have been realized with 
atoms or photons, suggest potential uses for electron Tal- 
bot interferometers. 

A diagram of our Talbot interferometer is shown in 
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FIG. 1: Experimental setup. A beam of electrons illumi- 
nates a nanoscale transmission grating Gl (at location z — 
along the optical axis). The resulting near- field interference 
pattern is read out using a second identical grating G2 (at z 
= 0.1-1.7 mm). An imaging detector (at z = 1 m) records the 
transmitted far-field intensity distribution. 



Figure [TJ The nanofabricated gratings have a period d = 
100 nm and serve as Ronchi rulings for low energy (<10 
keV) electrons [22j. When grating Gl is illuminated by 
collimated plane waves with wavelength A, Fourier im- 
ages (Talbot revivals) of the grating occur at half-integer 
multiples of the Talbot distance Lt = 2d'^/X. For 2.8 
keV electrons, A = 23 pm and Lt = 0.86 mm. The spa- 
tial modulations of these images, 100 nm in this case, are 
too small to resolve with our imaging detector, but they 
can be analyzed using a second grating G2. 

The total flux of collimated electrons transmitted to 
the far-field is maximum when the slits of G2 line up with 
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FIG. 2: Far-field diff*raction of electrons transmitted 
through two nanogratings using a 2.8 keV collimated 
beam. The gratings were separated by one Talbot distance 
Lt — 0.86 mm. In (a) the slits of G2 are in registry with the 
Talbot fringes of Gl, and in (b) G2 is shifted in the x-direction 
by 50 nm, half a grating period. Line profiles of each image 
are indicated below them. The asymmetry of diffraction or- 
ders (barely resolved due to the wide, collimated beam) is 
discussed in the text. 



the fringes of a Talbot revival from Gl, as shown in Fig- 
ure[2](a). In Figure [2jb) the transmitted flux is reduced 
by 77% when G2 is shifted laterally by half a period, 
since the Talbot fringes are then blocked by G2's grating 
bars. This modulation of the total transmitted inten- 
sity (shown in Figure [2|) occurs only when the gratings 
are illuminated by the plane waves of a well-collimated 
beam. 

Images of the entire electron near-field interference 
pattern behind nanograting Gl, also known as Talbot 
carpets, are shown in Figure [H These data were ob- 
tained by scanning the position of analyzing grating G2 
throughout the near-field region of Gl, in both the x and 
z directions, while recording the total transmitted elec- 
tron intensity. The tapered shape of each image is due 
to the limited lateral scan range at small G1-G2 separa- 
tions. 

When Gl is illuminated with a converging beam, a dif- 
ferent type of modulation is observed (Figure Sj). In this 
condition, the Talbot revivals from Gl have a finer spatial 
period than the reference grating G2, due to geometrical 
demagnification by converging spherical wave fronts. As 
illustrated in a simulation shown in Figure [5l G2 blocks 
some parts of the beam but not others; i.e. there is 
a moire effect between G2 and the interference pattern 
from Gl. This causes dark spots to appear within the 
resolved far-field diffraction orders. When G2 is scanned 
laterally, these dark nulls move sideways through the 
diffraction pattern, as shown in Figure [H This behav- 
ior is well-described by a general theoretical model that 
we developed for grating interferometers 0|. The only 
free parameter in this simulation was the radius of wave- 
front curvature of the incident beam. The theory (right 



column in Figured]) matches the data (left column) best 
using an incident radius of wavefront curvature equal to 
2.15 ± 0.1 m, corresponding to a nearly-collimated beam 
with a convergence angle of ~75 /irad. Negative diffrac- 
tion orders in Figure [4] have a higher intensity than their 
positive counterparts, and this asymmetry is understood 
to result from image-charge (Coulomb) interactions be- 
tween the grating and transmitted electrons [22]. 

This work shows that the Talbot effect is a way to re- 
produce periodic structures using electron beams. Simi- 
lar gratings have been used as masks for projection elec- 
tron lithography However, deliberate use of the Tal- 
bot effect for lithography would be advantageous because 
the mask could be located millimeters from the substrate, 
since a Talbot revival, not a direct shadow, would be used 
for the exposure. Furthermore, as we have shown here, 
demagnified Fourier images created using a focused elec- 
tron beam could be used to construct structures with 
finer periods than the original (a similar technique has 
already been demonstrated using UV lithography [25j). 

To summarize, we have built a Talbot interferometer 
for 2.8 keV electrons using two nanofabricated gratings. 
We used this device to map the near-field interference 
pattern, known as the Talbot carpet, behind a single 
grating. Analogous to X-ray and optical Talbot inter- 
ferometers, this arrangement is very sensitive to defor- 
mations in the wave fronts of incoming electrons. We 
demonstrated this by measuring the 2.1-meter radius of 
wavefront curvature of a focused electron beam, and cre- 
ating demagnified Talbot revivals with features smaller 
than the original grating. Both the imaging and litho- 
graphic capabilities afforded by the scaled Talbot effect 
will be explored in future work. 



I. METHODS 

The gratings were made by the NanoStructures Lab- 
oratory at MIT using achromatic UV interferometric 
lithography [26|] , and are notable for their long range spa- 
tial coherence over a large (0.5 x 5 mm) area. They 
consist of an array of 50-nm-wide slits etched all the 
way through a 150-nm-thick suspended membrane of low 
stress SisNs. The distance between adjacent slits, the 
grating period, is 100 nm. To enable their use as a diffrac- 
tive optic for electrons, the gratings were sputter-coated 
with approximately 4 nm of Pt to prevent charging. Both 
gratings were identically prepared in the same batch pro- 
cess. 

The electron beam was provided by a standard SEM 
electron optics column [27] featuring a tungsten hairpin 
filament source. The column was adjusted to produce 
an approximately collimated, ~015O fim electron beam. 
The two gratings were mutually aligned about the opti- 
cal {z) axis of the beam using a motorized rotation stage. 
The z separation distance between the gratings was ad- 
justed in 30 /im steps from 0.1 to 1.7 mm using a motor- 
ized translation stage. For each separation distance, the 
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FIG. 3: Electron near- field interference, or 'Talbot carpets', behind a nanograting, using electrons with energy 4 
keV (left), 2.8 keV (center), and 2.0 keV (right). The Talbot distance is indicated for each energy (de Broglie wavelength). The 
value of each pixel is proportional to the total integrated intensity in the far-field diffraction pattern, detected for a particular 
position of G2 relative to Gl. Distortions in these images are due to experimental uncertainty in the position of G2, and are 
not attributable to distortions in the incident electron waves. 



data 



theory 




FIG. 4: The demagnified Talbot effect, indicated by 
far-field diffraction patterns collected at different lat- 
eral positions of G2. The left column is a series of diffrac- 
tion patterns, with the diffraction orders indicated below 
them, recorded when using a weakly focused beam of 2 keV 
electrons. An intensity null moves sideways through each 
diffraction order as G2 is moved laterally. The simulations 
in the right column reproduce this modulation, using a model 
[23| in which G2 filters the demagnified Talbot revival from 
Gl. 



gratings were shifted laterally (in the x direction) with 
respect to the each other by tilting the mount that held 
them about an axis parallel to the gratings bars. An 
imaging detector placed 1 m downstream from the grat- 
ings collected images of the transmitted electrons, shown 
in Figures [2] and [H To create the converging beam for 
the demagnified Talbot effect (Figure [3j), a magnetic lens 



before the gratings was used to weakly focus the electron 
beam. 

The electron detector is novel. A Princeton Instru- 
ments PIXIS-XO camera designed for X-ray and EUV 
imaging was used to directly image low energy (0.3-5 
keV) electrons with high sensitivity. Back-thinned, back- 
illuminated CCDs have been used to directly detect low 
energy electrons before [28], but to our knowledge this 
work is the first time a commercially-available camera 
has been used to directly image electrons. 

Near-field interference fringes were revealed by moving 
G2 with respect to Gl in the x and z directions. The 
total transmitted electron flux was determined for each 
position of G2 by summing the value of all the pixels 
in images such as Figure Efa). In total, 5200 images 
were acquired over a period of 3 hours (only 260 seconds 
of beam time was needed) to create the Talbot carpets 
in Figure [3l Each row in Figure O which corresponds 
to a particular grating separation, was shifted after the 
data were acquired so that intensity peaks in adjacent 
data sets lined up. This was necessary because small 
displacements (of order 50 nm) in x were unavoidable 
while shifting the z separation by hundreds of microns. 

The simulations of the demagnified Talbot effect (in 
the right column of FigurejUand in Figure[5|) use a diffrac- 
tive optical theory developed in [23] based on Gaussian 
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FIG. 5: Simulation of a Talbot interferometer with 
a converging incident beam. The Talbot revival has a 
smaller period than the reference grating. Only the edges of 
the converging beam are transmitted, which results in two 
tilted far-field diffraction patterns. This simulation was made 
using the model developed in [23l ]. 



Schell- model beams. Input parameters to the simulation 
in Figure 2] - such as the initial beam width, spatial co- 
herence, and electrostatic interactions between transmit- 
ted electrons and the grating - were obtained in previous 
measurements [22], and only the radius of wavefront cur- 
vature was left as a free parameter. The parameters used 
for the simulation in Figure [5] are not based on experi- 
ment - they were chosen in order to best illustrate the 
various interference phenomenon throughout the Talbot 
interferometer under focused illumination. 
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